Levels of prostaglandin E 2 (PGE 2 ) , a potent inhibitor of fibroblast function , are decreased in the lungs of patients with pulmonary fibrosis , which has been shown to be because of limited expression of cyclooxygenase-2 (COX-2). To further investigate the relative importance of COX-2 and PGE 2 in the development of fibrosis we have used a selective COX-2 inhibitor and COX-2-deficient ( ؊/؊ and ؉/؊ ) mice in studies of bleomycin-induced lung fibrosis. We demonstrate in wild-type mice that bleomycin-induced lung PGE 2 production is predominantly COX-2 mediated. Furthermore , COX-2 ؉/؊ mice show limited induction of PGE 2 and an enhanced fibrotic response with increased lung collagen content compared with wild-type mice after bleomycin injury (P < 0.001). In contrast , COX-2 ؊/؊ mice show increased levels of lung PGE 2 , compared with wild-type mice after injury (P < 0.05) , because of compensatory up-regulation of COX-1 , which appears to be associated with macrophage/monocytes but not fibroblasts derived from these mice. COX-2 ؊/؊ mice show an enhanced and persistent inflammatory response to bleomycin, however the fibrotic response to injury was unaltered compared with wild-type animals. These data provide further direct evidence for the importance of up-regulating COX-2 and PGE 2 expression in protecting against the development of fibrosis after lung injury. Idiopathic pulmonary fibrosis is a chronic and progressive interstitial lung disease characterized by fibroblast proliferation and excessive deposition of extracellular matrix proteins including collagens, which severely impairs lung function and is often fatal.
Idiopathic pulmonary fibrosis is a chronic and progressive interstitial lung disease characterized by fibroblast proliferation and excessive deposition of extracellular matrix proteins including collagens, which severely impairs lung function and is often fatal. 1 Although the pathogenic processes involved in the initiation and perpetuation of fibrosis are not fully understood, dysregulation of both pro-and anti-fibrotic mediators that regulate fibroblast proliferation and collagen production after injury are thought to play an important role. 2 The majority of studies have focused on the role of stimulatory growth factors and cytokines in the pathogenesis of both human disease and animal models of lung fibrosis. 3, 4 However, there is substantial evidence to suggest that inhibitory regulators of fibroblast function such as prostaglandin E 2 (PGE 2 ), [5] [6] [7] or interferons, 8, 9 may play an important role, whereby defective suppression of proinflammatory and profibrotic cytokines may lead to unrestrained fibroblast proliferation and collagen production. PGE 2 is the major prostanoid product in the lung and of fibroblasts.
10 -12 PGE 2 is a potent inhibitor of fibroblast proliferation, 6, 13 collagen synthesis, 14, 15 chemotaxis, 16 fibroblast to myofibroblast differentiation, 17 connective tissue growth factor (CTGF) expression, 18 and has also been shown to promote degradation of newly synthesized collagen. 19, 20 Furthermore, autocrine synthesis of PGE 2 inhibits transforming growth factor (TGF)-␤ 1 -induced fibroblast proliferation and collagen synthesis. 5, 6 Despite increased levels of a range of mediators known to induce its synthesis, levels of PGE 2 in bronchoalveolar lavage fluid (BALF) from patients with pulmonary fibrosis have been shown to be 50% lower than in normal individuals. 21 Macrophages obtained by bronchoalveolar lavage show a reduced capacity to produce PGE 2 .
11 Moreover, fibroblasts derived from the lungs of patients with pulmonary fibrosis generally show both decreased basal synthesis of PGE 2 and fail to induce its synthesis on stimulation with interleukin-1␤, lipopolysaccharide, TGF-␤ 1 , or tumor necrosis factor-␣, 7, 22, 23 although this is controversial. 24 The reduced synthesis of PGE 2 in these cells results in a more fibrogenic phenotype, characterized by an increase in procollagen production, a loss of the antiproliferative response to TGF-␤ 1 , 7 and decreased production of hepatocyte growth factor. 25 The prostanoids, including PGE 2 , are a class of lipid mediators generated via the cyclooxygenase (COX) pathway. Three COX isoforms have been described to date. COX-1 is constitutively expressed in nearly all tissues and is generally thought to be responsible for homeostatic functions. In contrast, COX-2 is normally undetectable in most tissues, but is readily induced in response to a variety of mediators including proinflammatory and profibrotic cytokines, hormones, and oncogenes, 26 -28 and has been associated with the pathogenesis of a number of diseases. 29, 30 However, in the lung there appears to be constitutive expression of COX-2 associated predominantly with epithelial cells and macrophages. 31, 32 A third isoform, COX-3 has recently been described. 33 This protein is similar to COX-1 with the addition of an N-terminal extension because of the retention of intron-1 and the retained signal peptide, however no functional data have been described to date.
The failure to synthesize PGE 2 in fibroblasts derived from patients with pulmonary fibrosis has been shown to be associated with a decreased capacity to upregulate COX-2, at both the mRNA and protein levels. 7, 22 Together, these data suggest that a decreased capacity to up-regulate synthesis of PGE 2 via dysregulation of COX-2 expression may play a key role in the pathogenesis of pulmonary fibrosis. Therefore to assess the relative importance of limited COX-2 and PGE 2 synthesis in the development of lung fibrosis this study examines the fibrotic response to bleomycininduced lung injury in homozygote (COX-2 Ϫ/Ϫ ) and heterozygote (COX-2 ϩ/Ϫ ) COX-2 gene-deficient mice. We show that mice heterozygous for COX-2 demonstrate limited induction of PGE 2 synthesis after injury, which is coupled with an enhanced fibrotic response compared with wild-type (WT) mice. However in COX-2 Ϫ/Ϫ mice after bleomycin injury, levels of PGE 2 were increased because of, at least in part, a compensatory up-regulation of COX-1. This was associated with an enhanced and persistent inflammatory response characterized by chronic lymphocytosis and neutrophilia but the fibrotic response was similar to that in WT mice. Together these data provide further compelling evidence of the protective roles played by COX-2 and PGE 2 in limiting pulmonary fibrosis.
Materials and Methods

Animals
COX-2-deficient (COX-2
ϩ/Ϫ and COX-2
Ϫ/Ϫ
) and WT SV129/C57BL/6, F4 mice 34 were bred at University College London from breeding pairs obtained from The Jackson Laboratory, Bar Harbor, ME. The animals were housed on a 12-hour light/12-hour dark cycle at 25°C. Food and water were available ad libitum. Litters were weaned at 4 weeks of age and the presence of the disrupted COX-2 gene in COX-2 ϩ/Ϫ and COX-2 Ϫ/Ϫ mice was detected using polymerase chain reaction amplification of genomic DNA isolated from a tail snip. Three primers were used to amplify the specific region of DNA; a common downstream primer: 5Ј-CAC CAT AGA ATC CAG TCC GG-3Ј (547); a specific upstream primer for the WT allele: 5Ј-ATC TCA GCA CTG CAT CCT GC-3Ј (546); and a specific primer for COX-2-deficient alleles: 5Ј-CTT GGG TGG AGA GGC TAT TC-3Ј (013). The polymerase chain reaction consisted of a 10-l reaction mix containing 2 l of DNA (100 ng/l), 3 l of distilled water, 5 l of reaction mixture (final concentrations 50 mmol/L KCL, 10 mmol/L dNTPs, 1.5 mmol/L MgCl 2 , 0.2 mol/L primer 546, 0.2 mol/L primer 547, 0.04 mol/L primer 013). TaqDNA polymerase (5 U/l; Amersham Biosciences, Amersham, UK) was added to the reaction mixture to give a final concentration of 2 U/l. The polymerase chain reaction conditions used were one cycle of initial denaturing (94°C, 3 minutes), followed by 34 cycles of denaturing, annealing, and extension (94°C, 1 minute; 62°C, 2 minutes; 72°C, 2 minutes), with one cycle of final extension (72°C, 5 minutes). The products were separated by electrophoresis using a 2% (w/v) agarose gel and the DNA bands were visualized by phosphorimaging. Animal genotype was determined by the band pattern; WT DNA produced a single band at 1.44 kb, COX-2 Ϫ/Ϫ DNA a single band at 0.922 kb, and both bands were seen in COX-2 ϩ/Ϫ DNA.
Bleomycin Model of Lung Fibrosis
Equal numbers of male and female mice 6 to 10 weeks of age were used. Animals were anesthetized with halothane (3%) in a stream of oxygen (2 L/min). Mice received a single intratracheal instillation of either bleomycin sulfate (1 mg/kg body weight; Kyowa Hakko, Slough, UK) dissolved in 50 l of 0.9% saline or 0.9% saline alone as a control. At least six animals per group were analyzed for biochemical and cytological assessment and at least three for histological assessment. Animals were terminally anesthetized using an intraperitoneal injection of 100 l of pentobarbitone sodium (200 mg/ml; Sanofi Animal Health, Watford, UK) at 3, 7, 14, 28, or 84 days after bleomycin instillation. After laparotomy and exanguination, the trachea was cannulated with a 22-gauge venflon (Ohmeda BOC, Sweden) and the lungs lavaged with 5 ml of phosphate-buffered saline (PBS) in 10 0.5-ml aliquots. The BALF was kept on ice throughout the procedure and more than 90% of the instilled volume was consistently recovered. After lavage the lungs were sub-sequently removed, snap-frozen in liquid nitrogen, and stored at Ϫ80°C before analysis. For histological analysis of lung fibrosis, animals were terminally anesthetized at 28 days after injury, as described above. After laparotomy and exanguination, the pulmonary vasculature was perfused with heparinized PBS via the vena cava followed by 4% paraformaldehyde. The lungs were inflated by intratracheal instillation of 4% paraformaldehyde fixative in PBS at a pressure of 20-cm H 2 O. The trachea was ligated and the heart and lungs removed en bloc, immersed in 4% paraformaldehyde overnight at 4°C, and processed to paraffin wax.
Pharmacological Inhibition of COX-2
To determine the relative importance of COX-2 and COX-2-derived PGE 2 in response to bleomycin injury, mice were treated with the highly selective COX-2 inhibitor NS398 [N-(-2-cyclohexyloxy)-4-nitrophenyl methanesulphonamide; Cayman Chemicals/Alexis Corporation, Nottingham, UK]. NS398 was dissolved in dimethyl sulfoxide (Sigma, UK) at 25 mg/ml and stock solutions stored at Ϫ40°C. Immediately before administration, NS398 was thawed and diluted in PBS containing 1% Tween 80 to a concentration of 750 g/ml and administered to mice within 1 hour of preparation. Each animal received 3 g of NS398/kg body weight in a final volume of 30 l. The inhibitor was administered by oral gavage every 12 hours as previously described. 35 Control animals received 30 l of vehicle alone. The first dose of NS398 was administered 1 hour before intratracheal instillation of bleomycin.
Cytological Analysis of BALF
Lavage samples were centrifuged (300 ϫ g) at 4°C for 5 minutes to pellet the cells and the fluid removed, aliquoted, and stored at Ϫ80°C until eicosanoid levels were analyzed. The cell pellet was resuspended in 500 l of Dulbecco's modified Eagle's medium (DMEM) (Gibco-BRL, Paisley, UK) containing 10% fetal bovine serum, (Imperial Laboratories, Andover, UK). Total lavage cell numbers were determined using a hemocytometer. Cytospins of BALF were made by centrifuging 0.5 to 1 ϫ 10 6 cells/ml onto poly-L-lysine-coated microscope slides (Cytospin 3; Shandon, UK). The slides were allowed to airdry and were then fixed in methanol and stained using DiffQuik (DADE AG, Switzerland). At least 500 cells per sample were differentiated, using conventional morphological criteria for macrophages/monocytes, lymphocytes, and polymorphonuclear leukocytes (PMNs).
Measurement of BALF Eicosanoid and TGF-␤ 1 Levels
PGE 2 levels were measured directly in BALF obtained 3 to 84 days after bleomycin instillation using a specific enzyme immunoassay according to manufacturer's instructions (Amersham Biosciences). Previous extraction of lipids was required to measure leukotriene C 4 (LTC 4 ) levels. Briefly, lipids were methanol-extracted from BALF using C 18 Sep-Pak light cartridges (Millipore, Watford, UK) using previously described methods. 36 Samples were eluted using methyl formate and dried under a stream of nitrogen. LTC 4 was resuspended in DMEM and measured using a specific immunoassay (Cayman Chemicals/Alexis Corporation) according to the manufacturer's instructions. Total TGF-␤ 1 in BALF was measured using a specific immunoassay according to the manufacturer's instructions (R&D Systems Europe Ltd., Abingdon, UK).
Analysis of Lung Collagen Content
Total lung collagen was quantified by analysis of hydroxyproline, using previously described methods. 5, 37 Lungs obtained from animals 14 to 84 days after bleomycin instillation were crushed to a fine powder under liquid nitrogen using a pestle and mortar. Aliquots of 10-to 20-mg lung powder were hydrolyzed for 16 hours in 2 ml of 6 mol/L HCl at 110°C. Samples were then decolorized by the addition of ϳ20 mg of charcoal (VWR Int., Poole, UK) and filtered (0.65-m pore, Millipore) before chromatography. Hydroxyproline was isolated and quantified by reverse-phase high-pressure liquid chromatography of 7-chloro-4-nitrobenzo-oxa-1,3-diazole (NBD-Cl)-derivatized hydrosylates as described previously. 5 
Western Blotting
COX-1, COX-2, and cPLA 2 protein expression was examined using Western analysis of lung tissue taken 14 days after instillation of bleomycin. Protein was extracted from powdered lung tissue by five freeze-thaw cycles in 200 l of RIPA buffer [1% Triton X-100 (w/v), 0.1% sodium dodecyl sulfate (w/v), 158 mmol/L NaCl, 1 mmol/L ethylenediaminetetraacetic acid, 10 mmol/L Tris-HCl, 1 mmol/L NaVO 3 , 1 mmol/L 4-(2-aminoethyl)benzenesulfonyl fluoride HCl (AEBSF), 50 g/ml leupeptin, pH 7.2]. Samples were then centrifuged (5 minutes, 10,000 ϫ g, 4°C) and protein in the supernatant measured using a bicinchoninic acid assay (Pierce, Tattenhall, UK). Approximately 100 g of protein was fractionated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels, transferred onto polyvinylidene difluoride membranes (Hybond-ECL, Amersham Biosciences) and incubated with blocking buffer [COX-1: 3% bovine serum albumin in TBST (50 mmol/L Tris, 150 mmol/L NaCl, 0.02% Tween 20, pH 7.4) for 3 hours; COX-2: 5% skimmed milk in PBS overnight at 4°C; cPLA 2 : 0.2%w/v I-Block dissolved in Tris-buffered saline (TBS) (20 mmol/L Tris, 137 mmol/L NaCl, pH 7.6) for 3 hours]. To examine COX-2 expression, membranes were incubated with a COX-2 polyclonal rabbit anti-mouse antibody (Cayman Chemicals/ Alexis Corp.) at a 1:2000 dilution in 2% skimmed milk TBST for 2 hours at 4°C. Alternatively, to examine the expression of COX-1 or cPLA 2 , membranes were incubated overnight at room temperature with goat anti-rabbit polyclonal or rabbit anti-mouse monoclonal antibodies, respectively (both Santa Cruz, Calne, UK) diluted 1:1000 in TBST. All blots were then washed with TBST and incubated for 1 hour at room temperature with horseradish peroxidase-conjugated anti-rabbit IgG (COX-2 1: 2000 dilution, cPLA 2 1:10000 in TBST) or anti-goat IgG (COX-1: 1:10,000 dilution in TBST). After further washing in TBST, immunoreactive bands were visualized by enhanced chemiluminescence (ECL, Amersham Biosciences) according to manufacturer's instructions. Band intensities were calculated by scanning the films and quantifying band densities using Image Master software (Amersham Biosciences).
Histological Analysis
For histological analysis of lung fibrosis 3-m sections were stained with modified Martius Scarlet Blue. The extent of fibrosis was scored in a blinded manner by three independent observers based on a previously described method. 7, 38 Each lung lobe was scored on a scale of 0 to 4 and a mean derived from the five lobe scores for each individual mouse.
To examine expression of TGF-␤ 1 , 4-m sections of lung tissue were deparaffinized with xylene, rehydrated through graded ethanol, and washed in TBS (20 mmol/L Tris, 137 mmol/L NaCl, pH 7.6). After antigen retrieval treatment using proteinase K (VWR) at 10 g/ml (10 minutes, room temperature), endogenous peroxidase was blocked using 3% H 2 O 2 in methanol for 30 minutes. After a further wash in TBS, sections were treated with 1:6 goat serum in TBS containing avidin block (Vector Laboratories, Peterborough, UK), drained, and incubated overnight at 4°C in rabbit anti-TGF-␤ 1 polyclonal antibody (0.5 g/ml, Santa Cruz) in TBS containing 1% bovine serum albumin and biotin block (Vector Laboratories). The tissues were incubated for 1 hour at room temperature in a goat-biotinylated anti-rabbit IgG antiserum (1: 200; DAKO Corp., Ely, UK) followed by streptavidin (1: 200, DAKO Corp.) for 30 minutes. Visualization was performed using 3,3Ј-diaminobenzidine (Vector Laboratories) for 10 minutes; sections were counterstained using hematoxylin, dehydrated, cleared, and mounted.
Isolation of COX-2 Ϫ/Ϫ and WT Fibroblasts and Measurement of PGE 2 Synthesis
After anesthesia the mouse was exanguinated and lungs removed and cut into small pieces with a sterile scalpel in a Petri dish. Tissue was incubated in 1 mg/ml of type 2 bacterial collagenase (Worthington Biochemical Corp., Freehold, NJ) in DMEM at 37°C for 2 hours in a shaking water bath. The cell suspension was filtered through a 100-m nylon filter (Falcon; BD Biosciences, Cowley, UK) and diluted at a ratio of 1:1 with fetal bovine serum (Autogen Bioclear, Calne, UK) and centrifuged (300 ϫ g for 5 minutes) to pellet the cells. Cells were resuspended in DMEM containing 20% fetal bovine serum and recentrifuged. The final cell pellet was resuspended in DMEM containing 20% fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, and 2.5 g/ml amphotericin and incubated in a humidified atmosphere of air containing 10% CO 2 at 37°C. Cells were grown to confluence, and for experiments cells between passages 3 to 6 were trypsinized and plated at 10 5 cells/well in 12-well plates and grown to confluence. Once confluent, cells were incubated for a further 24 hours. The media was removed and replaced with 1 ml of preincubation media containing 0.4% (v/v) fetal bovine serum, 50 g/ml ascorbic acid, and 0.2 mmol/L proline for 24 hours. After this time the preincubation media was replaced with 1 ml of fresh media with or without TGF-␤ 1 (1 ng/ml) and NS398 (5 g/ml) and incubated for a further 24 hours. The media was then removed and frozen at Ϫ80°C before being analyzed for PGE 2 as described above.
Isolation of COX-2 Ϫ/Ϫ and WT Macrophages/ Monocytes and Measurement of PGE 2 Synthesis
Peritoneal macrophages/monocytes were isolated using an established technique. 39 Briefly, COX-2 Ϫ/Ϫ and WT mice were injected intraperitoneally with 2 ml (4% w/v) of thioglycolate. After 5 days the animals were sacrificed by cervical dislocation and the peritoneum lavaged using 5 ml of sterile PBS. Lavage fluid was kept on ice at all times. The inflammatory cells were isolated by centrifuging the lavage fluid (300 ϫ g) for 5 minutes at 4°C. The cells were resuspended in serum-free DMEM and seeded at 100,000 cells/well in 100 l of DMEM into 96-well plates and incubated in a humidified atmosphere of air containing 10% CO 2 at 37°C overnight to adhere. The cell layer was washed three times with DMEM to remove red blood cells and nonadherent inflammatory cells. Fresh media (150 l) was then added to each well with or without a selective COX-1 inhibitor, piroxicam (2.5 ng/ml), or the nonselective COX inhibitor, indomethacin (1 g/ml) and the plate incubated for 24 hours. After 24 hours the media was removed and assayed for PGE 2 as previously described. Each group contained three to four mice and six wells were analyzed for each.
Statistical Analysis
Data are presented as mean Ϯ SEM. Statistical analysis was performed using an unpaired Student's t-test for single, or analysis of variance for multiple, group comparison. A P value of less than 0.05 was considered significant.
Results
PGE 2 Synthesis after Bleomycin-Induced Lung Injury Is Predominantly via COX-2
To examine the hypothesis that induction of PGE 2 synthesis after intratracheal instillation of bleomycin is primarily because of an up-regulation of COX-2, Western analysis was performed on whole lung tissue at day 14 to examine COX protein expression. Both COX-1 and COX-2 protein were detectable in the lungs of WT mice after instillation of saline alone. Although expression of COX-1 did not significantly increase after instillation of bleomycin, expression of COX-2 increased 2.5-fold 14 days after injury (Figure 1 ).
After this, WT mice were treated twice daily with the highly selective COX-2 inhibitor NS398 (3 mg/kg) after instillation of either bleomycin or vehicle. Control animals received saline and either NS398 or vehicle. PGE 2 levels were quantified in lavage fluid obtained 7 and 14 days after instillation. Lavage PGE 2 increased significantly after administration of 1 mg/kg of bleomycin at both days 7 and 14 compared with saline in vehicle-treated mice ( Figure 2 , P Ͻ 0.05). However, lavage PGE 2 synthesis was almost completely inhibited by NS398 for 14 days after bleomycin instillation (Figure 2 ). There was no significant difference between BALF PGE 2 levels in saline/ vehicle-treated mice and those given saline/NS398 at any time point (Figure 2 ). , and COX-2 Ϫ/Ϫ mice at various time points up to 84 days after intratracheal instillation of saline or bleomycin. Control levels of BALF PGE 2 were measurable, but low. There were no significant differences between different time points or genotypes of saline-instilled mice ( Figure 3 ). Bleomycin administration in WT littermate mice showed a modest, but significant increase in BALF PGE 2 3 days after injury, which increased up to 7 days, remaining constant until 14 days and then began to decline, although levels at 28 days were still significantly increased above saline control values (P Ͻ 0.05). In comparison, mice heterozygous for COX-2 showed a more limited induction of PGE 2 synthesis after instillation of bleomycin. Levels were raised at day 3 and remained constant until day 14 however by day 28 PGE 2 was not significantly increased compared with instillation of saline alone. At day 7 COX-2 ϩ/Ϫ BALF PGE 2 levels were significantly lower than in WT mice (P Ͻ 0.05). In contrast, COX-2 Ϫ/Ϫ mice showed a greater increase in PGE 2 synthesis after bleomycin injury than WT mice. At 14 days after instillation of bleomycin, BALF PGE 2 levels were elevated 20-fold compared with saline controls (P Ͻ 0.001) and were twofold greater than bleomycin-exposed WT animals (P Ͻ 0.05). Levels declined at 28 days but Figure 1 . COX expression in WT mice. Bleomycin (Blm; 1 mg/kg body weight) or 0.9% saline (Sal) was administered intratracheally to WT mice. After 14 days the lungs were removed, and protein was extracted and run on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels. Levels of COX-1 (A) and COX-2 (B) were detected using Western blotting with goat polyclonal COX-1 and rabbit polyclonal COX-2 antibodies. Band densities were quantified and represent the mean Ϯ SEM for five to six animals per group. *, P Ͻ 0.05 compared with saline alone. Figure 2 . Effect of pharmacological inhibition of COX-2 on PGE 2 synthesis in WT mice. WT mice were pretreated with either the selective COX-2 inhibitor NS398 (3 mg/kg body weight) or vehicle by oral gavage for 1 hour before intratracheal administration of either 0.9% saline (gray bars) or bleomycin (1 mg/kg, black bars) and twice daily thereafter for either 7 or 14 days. The lungs were lavaged with PBS and BALF PGE 2 was quantified using an EIA. Each value represents the mean Ϯ SEM from six to eight animals per group. *, P Ͻ 0.05 compared with saline control. †, P Ͻ 0.05 compared with vehicle-treated bleomycin. remained significantly higher than bleomycin-treated WT animals (P Ͻ 0.005). By 84 days levels had returned to control values in all genotypes. These data suggest a compensatory up-regulation of BALF PGE 2 in homozygous COX-2-deficient mice.
PGE 2 Production after Bleomycin-Induced Lung Injury in WT and COX-2-Deficient Mice
Mice Heterozygous for COX-2 Exhibit an Enhanced Fibrotic Response to Bleomycin
The fibrotic response to bleomycin was evaluated biochemically and histologically. Lung collagen content was determined at 14, 28, and 84 days after injury. Similar basal levels of collagen were seen in all genotypes after instillation of saline alone, and did not alter with time. Therefore data were combined across the time course for each genotype (Figure 4 ). After 14 days after instillation of bleomycin all three genotypes showed a significant increase in total lung collagen compared with animals given saline alone (P Ͻ 0.01 in all groups), but there was no difference between either COX-2 Ϫ/Ϫ or COX-2 ϩ/Ϫ mice compared with WT animals. At day 28 after bleomycin there was a trend toward a further increase in lung collagen in WT and COX-2 Ϫ/Ϫ mice compared with 14 day values but this was not statistically significant. However, 28 days after bleomycin injury total lung collagen in COX-2 ϩ/Ϫ mice was ϳ50% greater than in WT and COX-2 Ϫ/Ϫ mice (P Ͻ 0.001 in both cases). No further increase in lung collagen was observed at day 84 in any genotype, however the fibrotic response was maintained (WT: 2.44 Ϯ 0.3 mg collagen/lung; COX-2 ϩ/Ϫ : 3.14 Ϯ 0.3 mg collagen/lung; COX-2 Ϫ/Ϫ : 2.56 Ϯ 0.2 mg collagen/lung). Figure 5 shows Martius Scarlet Blue staining for collagen and other matrix proteins in representative sections obtained 28 days after instillation of either saline ( Figure  5 ; A to C) or bleomycin ( Figure 5; D to F) . Intratracheal administration of saline did not affect the lung, with matrix staining limited to airways, blood vessels, and normal alveolar interstitium. There were no apparent differences between genotypes. In contrast, in support of the biochemical data for lung collagen content, Figure 5 , D to F, shows that COX-2 ϩ/Ϫ mice develop a more severe fibrotic response to bleomycin injury than either WT or COX-2 Ϫ/Ϫ mice. Both WT and COX-2 Ϫ/Ϫ mice show a patchy loss of alveolar architecture and destruction of the interstitium, accompanied by increased matrix deposition in areas where alveolar architecture was disrupted. A widespread and increased inflammatory response was observed in COX-2 Ϫ/Ϫ mice. Bleomycin injury in COX-2 ϩ/Ϫ mice resulted in widespread destruction of lung architecture, which appeared more extensive and severe than that seen in WT or COX-2 Ϫ/Ϫ mice. Affected areas of the lung were associated with intense staining for matrix proteins and increased cellularity. Semiquantitative scoring showed no difference between the genotypes in lungs of animals after intratracheal saline. Mean scores were: WT saline, 0.56 Ϯ 0.20 (n ϭ 5); COX-2 ϩ/Ϫ saline, 0.18 Ϯ 0.14 (n ϭ 6); COX-2 Ϫ/Ϫ saline, 0.64 Ϯ 0.17 (n ϭ 5). Mean scores for bleomycin-treated mice were all significantly greater than those of their respective genotype control: WT bleomycin, 1.99 Ϯ 0.14 (n ϭ 7, P Ͻ 0.001); COX-2 ϩ/Ϫ bleomycin, 2.20 Ϯ 0.16 (n ϭ 8, P Ͻ 0.001); COX-2 Ϫ/Ϫ bleomycin, 1.97 Ϯ 0.67 (n ϭ 3, P Ͻ 0.05). The histological score for COX-2 ϩ/Ϫ mice treated with bleomycin tended to be higher than those for WT and COX-2 Ϫ/Ϫ mice although the difference was not statistically significant.
Effect of COX-2 Genotype on Inflammatory Response to Bleomycin-Induced Lung Injury
Total bronchoalveolar lavage cell numbers from animals instilled with saline were not significantly different between genotypes or at any time point (Table 1) . Three days after bleomycin instillation, BAL cell numbers tended to be lower than for animals instilled with saline but these differences were not statistically significant. Between 7 and 28 days after bleomycin BAL cell numbers tended to be increased by 30 to 200% although because of variability between animals these differences were not always significant (Table 1 ). There was no clear difference between genotypes, although the highest cell number was observed in COX-2 Ϫ/Ϫ animals 28 days after bleomycin, with a value three times that of saline-treated animals. By 84 days after bleomycin total lavage cell numbers were returning toward basal levels.
BAL cell profiles were analyzed at 3, 7, 14, 28, and 84 days after injury. In each genotype, cell profiles did not alter significantly between time points in response to saline alone and were therefore combined. In WT animals macrophage numbers significantly increased from 7 days after bleomycin and remained significantly greater than saline alone at days 14 and 28 after injury (P Ͻ 0.001 at each time point, Figure 6A ). The increase in macrophage numbers was delayed in COX-2 ϩ/Ϫ and COX-2 Ϫ/Ϫ mice with increases observed only at 14 and 28 days after injury, however by 84 days after bleomycin macrophage numbers were no longer increased compared with saline alone in any genotype. In contrast, numbers of PMNs increased significantly by day 3 after bleomycin in all three genotypes, and remained significantly elevated compared with instillation of saline alone up to day 14 ( Figure 6B ). In all three genotypes, PMN numbers peaked at day 7. After this time numbers decreased in both WT and COX-2 ϩ/Ϫ mice and by day 28 were no longer significantly increased after bleomycin in WT animals. However, after bleomycin PMN numbers remained significantly increased in COX-2 Ϫ/Ϫ mice. At day 28 PMN numbers were significantly greater than both WT and COX-2 ϩ/Ϫ animals ( Figure 6B , P Ͻ 0.05) and remained significantly greater than WT mice 84 days after injury, P Ͻ 0.05. ϩ/Ϫ (B, E), and COX-2 Ϫ/Ϫ (C, F) mice are shown. In saline-instilled lungs normal architecture was preserved with no obvious differences between genotypes (A-C). After bleomycin WT (D) and COX-2 Ϫ/Ϫ (F) lungs showed similar patchy fibrotic lesions within increased deposition of blue-staining extracellular matrix proteins. In COX-2 ϩ/Ϫ mice (E) the fibrotic lesions were more widespread with intense blue staining of the extracellular matrix. Scale bar, 5 m.
Lymphocyte numbers followed a similar pattern (Figure 6C) . In all three genotypes there was a sharp rise in cell numbers peaking at day 7 (P Ͻ 0.001 for all genotypes) with a trend toward increased numbers of lymphocytes in COX-2 Ϫ/Ϫ mice compared with both WT and COX-2 ϩ/Ϫ animals. Lymphocyte numbers 14 days after instillation of bleomycin remained significantly increased compared with saline alone in all three genotypes (P Ͻ 0.001 in all cases). By day 28 after bleomycin, lymphocyte numbers had returned to baseline in WT mice, but remained significantly increased in both groups of COX-2-deficient animals. At this time point, lymphocyte numbers were significantly greater in COX-2 Ϫ/Ϫ mice compared with both WT and COX-2 ϩ/Ϫ mice (P Ͻ 0.05 in both cases). This difference was maintained at 84 days after administration of bleomycin when COX-2 Ϫ/Ϫ mice still showed significantly elevated levels of BALF lymphocytes compared with WT and COX-2 ϩ/Ϫ animals, at similar levels to day 28 (P Ͻ 0.05 in both cases).
COX-2 Deficiency Does Not Affect BALF LTC 4 Production
A possible explanation for both the enhanced fibrotic or inflammatory response to bleomycin-injury observed in COX-2 ϩ/Ϫ and COX-2 Ϫ/Ϫ mice, respectively, could be increased production of leukotrienes (LTs). LTs are alternative metabolites of arachidonic acid derived from the 5-lipoxygenase (5-LO) pathway and are known to be both proinflammatory and profibrotic. 40 In the absence of COX-2, or potentially after its reduction, arachidonic acid metabolism may be shunted through the 5-LO pathway to produce increased levels of LTs. Levels of cysteinyl-LTs, particularly LTC 4 , have been shown to be the predominant murine lung LT product in lavage fluid, lung homogenate, and alveolar macrophages. 36, 40, 41 Therefore levels of BALF LTC 4 were measured in WT, COX-2 ϩ/Ϫ , and COX-2 Ϫ/Ϫ mice 7 days after instillation of either saline or bleomycin. LTC 4 was measurable in all three genotypes but was not significantly increased after bleomycin (data not shown) suggesting that in this model, COX-2 deficiency does not lead to shunting through the LT pathway.
Expression of TGF-␤ 1 in WT and COX-2 ϩ/Ϫ
Mice
Our data suggests that the decreased capacity of COX-2 ϩ/Ϫ mice to up-regulate PGE 2 synthesis in response to bleomycin injury is directly linked to the enhanced fibrotic response observed in these animals. However, indirect up-regulation of profibrotic mediators may also contribute to the enhanced fibrotic response. For this reason, we compared the expression of the potent profibrotic mediator TGF-␤ 1 in the lungs of WT and COX-2ϩ/Ϫ mice 28 days after instillation of bleomycin. Immunohistochemical staining for total TGF-␤ 1 was localized predominantly to bronchial epithelial cells, macrophages, and the extracellular matrix (Figure 7) . However, there was no apparent difference in the localization or staining intensity between WT and COX-2 ϩ/Ϫ mice. Similarly, there was no significant difference in total lavage TGF-␤ 1 levels between WT and COX-2 ϩ/Ϫ mice (WT, 111 Ϯ 69 pg/ml; COX-2 ϩ/Ϫ , 155 Ϯ 41 pg/ml).
Mechanism of Compensatory PGE 2 Synthesis in COX-2 Ϫ/Ϫ Mice
To begin to elucidate the mechanism by which COX-2 Ϫ/Ϫ mice increase BALF PGE 2 synthesis after bleomycin, Western analyses for cPLA 2 and COX-1 were performed on lung tissue from WT and COX-2 Ϫ/Ϫ mice. cPLA 2 , the rate limiting enzyme in the release of arachidonic acid, was increased ϳ50% in both WT and COX-2 Ϫ/Ϫ bleomycin-exposed mice compared with their respective saline controls ( Figure 8A ). This suggests that increased substrate availability does not explain the increased synthesis of PGE 2 seen in COX-2 Ϫ/Ϫ mice. However, after bleomycin the expression of COX-1 protein increased 4.6-fold in COX-2 Ϫ/Ϫ mice compared with only a 1.5-fold increase in WT animals ( Figure 8B ). There was no significant difference in baseline values of either cPLA 2 or COX-1 between mice of either genotype. As shown in Figure 1 , COX-2 expression increased 2.5-fold in WT mice after bleomycin injury, and as expected, COX-2 was absent in COX-2 Ϫ/Ϫ mice (data not shown). To further investigate the possible cellular source of PGE 2 in COX-2 Ϫ/Ϫ mice, pulmonary fibroblasts and peri- Animals were instilled intratracheally with either 0.9% saline or bleomycin (1 mg/kg body weight) and lungs were lavaged using PBS at 3, 7, 14, 28, and 84 days after injury. Each value represents the mean Ϯ SEM of 6 to 10 animals. *P Ͻ 0.05 compared with relative genotype saline control.
toneal macrophages/monocytes were isolated from WT and COX-2 Ϫ/Ϫ mice. PGE 2 levels were measured in cellconditioned media taken from both cell types. Figure 9 shows that WT fibroblasts produced PGE 2 that was further stimulated by the addition of TGF-␤ 1 for 24 hours (P Ͻ 0.05). Addition of the selective COX-2 inhibitor NS398 reduced basal PGE 2 production by 80% and TGF-␤ 1 -stimulated PGE 2 production by 90% (P Ͻ 0.001 in both cases). This suggests PGE 2 production in these cells is mediated predominantly via COX-2. In comparison, COX-2 Ϫ/Ϫ fibroblasts synthesized PGE 2 at or below the limit of detection (20 pg/ml) indicating a minimal basal production of PGE 2 via constitutive COX-1 only, which is not inducible by TGF-␤ 1 , and is unchanged in the presence of NS398. In contrast, Figure 10A shows PGE 2 production in COX-2 Ϫ/Ϫ macrophages/monocytes is ϳ2.5-fold greater than WT cells, demonstrating a capability to generate high levels of prostanoids via an alternative COX isoform, even in the absence of COX-2. Figure 10B shows that piroxicam, a selective COX-1 inhibitor, tended to reduce WT macrophage/monocyte PGE 2 production by ϳ25% but this was not statistically significant. In contrast piroxicam inhibited COX-2 Ϫ/Ϫ macrophage/monocyte production by ϳ55% (P Ͻ 0.001). Indomethacin, a nonselective COX inhibitor, completely inhibited PGE 2 production by both macrophage genotypes. Because piroxicam was used at a concentration 750 times lower than the reported IC 50 for COX-2 in macrophages, 42 these data suggest that PGE 2 production by WT macrophages/monocytes under these conditions is mediated predominantly via COX-2, whereas in COX-2 Ϫ/Ϫ macrophages/monocytes compensatory up-regulation of COX-1 plays a significant role in PGE 2 production.
Discussion
Initial experiments using WT mice demonstrated that intratracheal instillation of bleomycin results in a marked increase in protein expression of COX-2, but only a minimal increase in COX-1. Subsequently, BAL fluid PGE 2 levels were significantly elevated over saline alone for at least 28 days after bleomycin. Administration of a COX-2 inhibitor almost completely inhibited BALF PGE 2 for at least 14 days demonstrating that PGE 2 synthesis in WT mice after bleomycin administration is predominantly COX-2-derived.
Response of COX-2 ϩ/Ϫ Mice to BleomycinInduced Lung Injury
Heterozygous COX-2-deficient mice show reduced synthesis of PGE 2 after bleomycin injury compared with WT mice, developing a more severe and extensive fibrosis histologically and biochemically. These data are consistent with data from patients with pulmonary fibrosis in which there is limited induction of COX-2, and levels of PGE 2 in BALF are lower than in nonfibrotic controls. 7, 21, 22 This suggests that in this respect COX-2 ϩ/Ϫ mice provide a good model of pulmonary fibrosis.
This enhanced fibrotic response in COX-2 ϩ/Ϫ mice appears to be directly linked to the reduction in PGE 2 levels. LTC 4 , the predominant murine leukotriene was not increased in COX-2 ϩ/Ϫ mice suggesting that COX-2 de- , and lymphocyte (C) numbers in WT (light gray bars), COX-2 ϩ/Ϫ (dark gray bars), and COX-2 Ϫ/Ϫ (black bars) mice. Animals were instilled intratracheally with either 0.9% saline or bleomycin (1 mg/kg body weight) and lungs were lavaged with PBS at 3, 7, 14, 28, and 84 days after injury. Saline values were unaltered throughout the time course and therefore combined. Each value represents the mean Ϯ SEM of 6 to 10 animals for bleomycin-treated groups and 34 to 40 animals for pooled control groups. *, P Ͻ 0.05; **, P Ͻ 0.001 compared with relative genotype saline control; † , P Ͻ 0.05 compared with WT Blm at day 84; ‡ , P Ͻ 0.05 compared with WT and COX-2 ϩ/Ϫ Blm at day 84.
ficiency did not induce shunting of arachidonic acid through the profibrotic leukotriene pathway. In addition, immunohistochemical staining and BALF levels of TGF-␤ 1 were similar in COX-2 ϩ/Ϫ and WT mice suggesting that an indirect up-regulation of TGF-␤ 1 expression was not responsible for the greater fibrotic response in COX-2 ϩ/Ϫ mice. Furthermore, the enhanced fibrotic response seen in COX-2 ϩ/Ϫ mice is not because of an increased inflammatory response to bleomycin injury because a similar inflammatory response is seen compared with WT mice. This supports recent suggestions that development of inflammation and fibrosis are not interdependent. 43, 44 COX-2-deficient mice will also have a reduced ability to produce other prostanoid products. These include prostacyclin, PGF 2␣ , and thromboxane A 2 that have previously been shown to be up-regulated after bleomycin injury. 45, 46 Thromboxane A 2 and PGF 2␣ are weak stimulants of fibroblast proliferation and collagen production, whereas prostacyclin is a weak inhibitor of proliferation and collagen synthesis. Reduced levels of these mediators after lung injury could potentially modulate the fibrotic response. However, these prostanoid mediators have relatively weak and opposing effects on fibroblast function, and are present in the lung at much lower concentrations than PGE 2 . 11 They are therefore unlikely to play a major role in the outcome of these studies.
Reduced levels of PGE 2 have previously been linked to a more profibrotic phenotype. Moore and colleagues 36 reported that GM-CSF Ϫ/Ϫ mice show enhanced fibrosis after bleomycin that correlated with reduced levels of mice. Bleomycin (Blm; 1 mg/kg body weight) or 0.9% saline (Sal) was administered intratracheally. After 14 days the lungs were removed and the protein extracted and run on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels. Levels of cPLA 2 (A) and COX-1 (B) were detected using Western blotting with mouse monoclonal cPLA 2 and goat polyclonal COX-1 antibodies. Band densities were quantified and represent the mean Ϯ SEM of the fold increase after bleomycin administration of five to six animals. **, P Ͻ 0.01 compared with WT. PGE 2 in both alveolar macrophages and whole lung homogenates. In addition, this study showed that administration of the COX inhibitor indomethacin to WT animals enhanced the fibrotic response to bleomycin. Conversely, leukotriene-deficient mice are protected from bleomycin-induced lung fibrosis 40 at least in part, because of increased levels of PGE 2 produced via shunting through the COX pathway. Together these data suggests that limited induction of PGE 2 is an important mechanism in the progression of fibrotic disease.
Response of COX-2 Ϫ/Ϫ Mice to BleomycinInduced Lung Injury
In contrast to COX-2 ϩ/Ϫ mice, BALF PGE 2 levels were increased in COX-2 Ϫ/Ϫ mice after bleomycin injury compared with bleomycin-exposed WT and COX-2 ϩ/Ϫ animals and the fibrotic response was similar to that of WT mice. The data presented here suggests that increased levels of PGE 2 in bleomycin-exposed COX-2 Ϫ/Ϫ mice are at least partly because of compensatory up-regulation of COX-1 by macrophages.
Other studies investigating the effect of lung injury on COX-2 Ϫ/Ϫ mice have not shown increased levels of PGE 2 . Studies by both Bonner and colleagues 47 and Zeldin and colleagues 48 showed reduced expression of PGE 2 compared with WT animals after exposure to V 2 O 5 and lipopolysaccharide, respectively, and Gavett and colleagues, 49 reported unchanged levels of PGE 2 synthesis in COX-2 Ϫ/Ϫ mice using a model of ovalbumininduced asthma. The reasons for these differences are uncertain, however instillation of bleomycin appears to cause a more severe injury than ovalbumin challenge, lipopolysaccharide, or V 2 O 5 . Indeed, BALF PGE 2 levels in WT mice 28 days after bleomycin were higher than those measured at early time points after lipopolysaccharide and ovalbumin challenge, and are comparable with PGE 2 levels 3 to 15 days after instillation of V 2 O 5 . Therefore previous studies may not have reached an injury threshold whereby compensatory mechanisms are induced in these animals.
Compensatory synthesis of PGE 2 in the absence of COX-2 has been previously reported in vitro. Kirtikara and co-workers 50 described increased basal and interleukin-1␤-stimulated release of PGE 2 in COX-2 Ϫ/Ϫ lung fibroblasts compared with WT cells. We observed no basal increase in PGE 2 production either in vivo after instillation of saline, or in vitro in COX-2 Ϫ/Ϫ fibroblasts. The studies of Kirtikara and colleagues 50 suggest the compensatory basal synthesis of PGE 2 was because of increased levels of COX-1 and cPLA 2 . However, in COX-2 Ϫ/Ϫ lung tissue we find no increase in either cPLA 2 or COX-1 production basally, and increased COX-1 expression alone compared with WT mice after bleomycin injury. The differences may be because of the nature of the experiments involved, our experiments were conducted in vivo and using primary cells, whereas the data described by Kirtikara and colleagues 50 were generated with transformed cells. To begin to determine the source of compensatory PGE 2 synthesis we studied isolated fibroblasts and macrophages. Both cell types are known to generate substantial amounts PGE 2 in the lung and are present in increased numbers in pulmonary fibrosis. Treatment with TGF-␤ 1 significantly stimulated PGE 2 production in WT fibroblasts, and the selective COX-2 inhibitor NS398 inhibited both basal and TGF-␤ 1 -induced PGE 2 synthesis suggesting that WT fibroblasts synthesize PGE 2 predominantly via COX-2. However, as described above, but contradictory to work described by Kirtikara and colleagues, 50 COX-2 Ϫ/Ϫ fibroblasts produced significantly less PGE 2 basally than WT cells, showed no induction of PGE 2 synthesis after stimulation by TGF-␤ 1 , and PGE 2 synthesis was unaffected by NS398. This corresponds with data generated by Dinchuk and co-workers 34 who showed that COX-2 Ϫ/Ϫ primary embryonic fibroblasts produced at least 10-fold less PGE 2 than WT cells after stimulation with serum. Figure 10 . PGE 2 production in WT and COX-2 Ϫ/Ϫ macrophages/monocytes. Macrophages/monocytes were isolated 5 days after peritoneal injection with the inflammatory stimulant thioglycolate. A: Cells were cultured in serumfree conditions for 24 hours and PGE 2 measured in the cell-conditioned media. B: The effect of piroxicam (2.5 ng/ml) on WT and COX-2 Ϫ/Ϫ macrophage/monocyte PGE 2 production. Each bar represents the mean Ϯ SEM for at least six replicate wells of three to four separate animals per group. *, P Ͻ 0.05 compared with WT control cells; **, P Ͻ 0.001 compared with media control.
In comparison with fibroblasts, stimulated COX-2-deficient peritoneal macrophages/monocytes showed significantly increased production of PGE 2 compared with WT cells. PGE 2 production by COX-2 Ϫ/Ϫ macrophages was inhibited by piroxicam when used at a concentration that is highly selective for COX-1. In addition, a recent study has shown compensatory expression of COX-1 mRNA in peritoneal macrophages from COX-2-deficient mice. 51 Furthermore, it has recently been shown that COX-2-deficient alveolar epithelial cells are incapable of synthesizing PGE 2 . 52 Together these in vitro data suggest that the increased synthesis of PGE 2 seen in COX-2 Ϫ/Ϫ mice is likely to be via macrophage/monocytes, but not fibroblasts or type II epithelial cells. Furthermore, our data in whole lung tissue and in macrophages/monocytes suggests that this is because of a compensatory expression of COX-1 in these cells.
Because PGE 2 levels were higher in COX-2 Ϫ/Ϫ than WT mice exposed to bleomycin, it might have been expected that these mice would be protected from fibrosis. However, deposition of collagen was similar in COX-2 Ϫ/Ϫ and WT mice assessed biochemically and histologically. The reason for this is unclear. It may be that the additional increase in PGE 2 in COX-2 Ϫ/Ϫ mice is insufficient to limit the fibrotic response although this seems an unlikely explanation given that PGE 2 levels were twofold to threefold greater in COX-2 Ϫ/Ϫ mice at 14 and 28 days after bleomycin. The response of COX-2 Ϫ/Ϫ mice to lung injury is complex and the failure of the increased levels of PGE 2 to limit fibrosis may, at least partly, relate to the persistent neutrophilia and lymphocytosis described in these animals.
The mechanism for the more severe and persistent lymphocytosis and neutrophilia seen in COX-2 Ϫ/Ϫ mice is uncertain. Levels of BALF LTC 4 were low therefore it is unlikely that increased production of proinflammatory LTs is responsible and this suggests the enhanced inflammatory response to be a result of the increased levels of proinflammatory PGE 2 . Therefore the enhanced inflammation may not be a direct consequence of an absence of COX-2 either promoting or limiting resolution of inflammation, but the compensatory expression of COX-1 resulting in high levels of PGE 2 . Despite this suggestion, previous studies suggest that COX-2 may have prostaglandin-independent effects that contribute to the inflammatory response. For example, Bonner and co-workers 47 described increased lung inflammation after V 2 O 5 instillation in the presence of low levels of PGE 2 in COX-2 Ϫ/Ϫ mice. Other studies demonstrating evidence of enhanced inflammation in COX-2 Ϫ/Ϫ mice include: enhanced pulmonary eosinophilia and lymphocytosis after ovalbumin sensitization and challenge; 49 persistent chronic inflammation in a carrageenan-induced paw injury; 53 and enhanced colonic inflammation in dextran sodium sulfate-induced bowel injury. 54 However, the inflammatory response of COX-2 Ϫ/Ϫ mice to different models of injury has not been consistent. Two studies have demonstrated no difference at early time points after injury, 34, 48 and a further two studies have demonstrated reduced inflammation, in collagen-induced arthritis, 55 and in a sepsis model. 56 This inconsistency in the inflammatory response to injury may relate to the varying insults, the time point assessed, and the degree to which compensatory up-regulation of COX-1 and PGE 2 occurs.
In summary, we have demonstrated that in WT animals, up-regulation of PGE 2 synthesis in response to lung injury is mediated predominantly via induction of COX-2. Using mice deficient in one or more allele of COX-2 we have shown that reduced expression, rather than an absence of COX-2 in heterozygous mice, results in limited induction of PGE 2 synthesis and subsequently an enhanced fibrotic response to bleomycin. This phenotype models that of patients with pulmonary fibrosis who show reduced PGE 2 biosynthesis 21 and a reduced capacity to up-regulate COX-2. 7, 22 In the absence of a functioning COX-2 gene, COX-2 Ϫ/Ϫ mice are still capable of upregulating PGE 2 synthesis and exhibit a similar fibrotic response to that observed in WT mice. We have shown this to be mediated, at least in part, via up-regulation of COX-1. This response is cell-type-specific with macrophage/monocyte populations being the predominant source of PGE 2 synthesis and we suggest this is via increased COX-1 in these cells. However, COX-2 Ϫ/Ϫ mice showed differences in their inflammatory response with a severe and persistent lymphocytosis and neutrophilia up to 3 months after the instillation of bleomycin, which suggests a prostaglandin-independent role for COX-2 in the resolution of inflammation. Together, these data confirm the importance of up-regulating COX-2 and PGE 2 in the protection against fibrosis after lung injury. In addition, they provide further support for the theory that fibrosis is not dependent on a sustained inflammatory response because, despite the development of persistent inflammation in COX-2 Ϫ/Ϫ mice in response to bleomycin, these animals demonstrated similar levels of collagen deposition to WT mice, in which inflammation resolved within 28 days. Further studies to determine the molecular mechanisms of COX-2 insufficiency may identify novel, highly specific, therapeutic targets for the treatment of patients with idiopathic pulmonary fibrosis.
